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Abstract

A model describing external sheet coinbustion of a cluster of drops has been developed for
dusters of binary-fueldrops. The binary-fuel is assumed to be a solvent-solute combination
in which the solute: is much nore volatile th an the solvent. The initial solvent mass fraction
within the mixturce is larger than that of the solute. Both the ignition timing and location are
calculated using previously derived criteria; for therange of ail/fuel ass ratios considered,
ignition always occurs around the cluster. Following ignition, an internal flash fla me burns all
the oxygen withinthe cluster. An external shieet flame ensues, fucled tHy Vapor released from
the cluster. Results show that drop interactions are important in modifying the amou nt of fuel
burned.1t is only for small initial duster vclocitics and for large air/fucl mass ratios that the
external flame behaves app roximately like a classical diffusion flaine inthat it burns almost

all the fucl released from the cluster. For all other conditions, the amount. of fuel burned is




smaller than that released from the cluster. These conclusions arc independent of the initial
solute mass fraction and of the Arrhenius ignition parameters which are assumed identical for

solvent and solute.

1 Introduction

Most fuels used in practical combustion liquid-fuel sprays devices are blenids of several cornponents.
111 many cascs, the composition of the fuel is critical to the operation of the device since it affects
efliciency and polluti on production. Consequently, a substantial nmmber of studies (cf. review
by Law ,1986) addressed the problem of single, isolated multicomponet drop evaporation, ignition
and combustion. T’hese studies have contributed iimportant understanding of the physics of the
internal drop processes and their coupling to the flow surrounding the drop. However, according
to experimental evidence from Allen and Hanson (I 986a, 19861.)), Mao et al. (1985), Mcl) oncll et
al. (1992), Mizutanict al. (1993) and Rudofl et al. (1989), sprays do not burn with individual
drop flames; instead, there is a multitude of flames, with cach flaine surrounding a group of drops
which is called here a cluster. These external cluster flaines are an important indication of drop
interactions.

These interactions and the consequences they have upon internal drop processes are studied
here in the context of binary-fuel drops because binary-fuel are a practical representation of typical
fucls often composed of tens of pure fuels. Sincethis study is done inthe context of alternate fucls,
the solvent represents the large mass fraction, viscous, nonvolatile components whereas the solute

represents the much smaller mass fraction, low-viscosity, volatile components.




2 Description of the Model

‘1’1 1c configuration studied is that of aspherical cluster of relatively cold spherical drops exposed
toan axial flow ata higher temperature as depicted inFig. 1 in Bellan and Harstad (1990).
Inside the cluster, the drops move radially with respect to the cluster center and the relative radial
motion of the drops with respect to the gas is assumed to be sclf-siinilar (Harstad and 1 3ellan,
1 989). Themathematical model is based upon the formulations of: (i) Harstad and Bellan (199])
for cvaporation of binary-fuel drops in clusters, (ii) Bellan and Harstad (in print) for ignition of
binary-fuel drops in clusters, and (iii) Bellanand Harstad (1 W()) for single-component fuel cluster-
combustion, adapted here for binary-fuel dvops. The internal-cluster flash flame equations and the
external-cluster equations for binary-fuel combustion arc sirnilai to those for single-componient fuel.

Ignition may beinitiated by either solvent or solute according to the 1 damkaohler nuinber eriterion
described in Bellarrand Harstad (in print) under the assuinption that the ignition chemnistrics of the
two components arc independent. The internal flash flamme following ignition (Bellan and Harstad,
1 990) burns al of the oxygen inside the cluster; the oxygen is apportioned between solvent and  solute
according to their average mass fractions at ignition. I ollowing the flash f] anmie, a flarnie surrounds
the cluster, similar to those observed experimentally; the model is based on the assuinption that this
flame is infinitesiially thin. The general location of the flame (individual, collective or intermediary
internal cluster flar ne) is calceulated at ignition according to a criterion already used in | 3ellan
and 1 larstad (1987); for the situations studied here, calculations show that the flamme is always
of the collective type. Thelocation of the flame during collective burning is calculated fromn the

conscrvation equations in the following.
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2.1 Conservation equations for the internal flash flame

These conservation equations are global and describe the internal cluster flame prior to the establish-
ment of the external cluster flame. Similar to Bellan and Harstad ( 1990), the total nondimensional

amount of gas mass and air in the cluster before ignition are defined as
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and the total nondimensional sensible enthalpy is defined as

— 1 a 4ra® N , ‘
H, = N [N [ PaCio(0y - Orep)Amr2dr 4 (V — - g PaaCra(0an - Orc f)} (3)
The cluster containg only fuel and air so that
]Ti],‘v = ]Tjg - ]Tiair- (4)

The total amount, of fuel mass burned is in stoichiometric proportion with O, burned and since

internal burniug stops only when all internal O, disappears
— — — — , , .
Myg = My 4 Mys = Mo, /(¥4 @) ()

In order to maintain the saine temperature profile within the drops, combustion is assumed to occur

at fixed eflective latent heat. Thus, the eight dependent variables determining the post-ignition st ate

of the cluster, 0,,07, Y7y 0, Yisw Yive Yigs,a', and C* arc the solution of the following global

conservation equations:

M;v = M\F,v - ]Wf«gv‘n (6)
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Mg = Mys~ Mgy (7)
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where 2 = Voori = S in Kq. 10. In 1q. 13 it has been assumed that the evaporation rate is
controlled by the solvent [because ignition occurs late i the drop lifetime, when the slip velocity
is very small as shown in Bellan and Harstad, (in print)], and thus 1, 1y, | 0, and w,. appcaring in
Figs. 12 and 13 are those of the solvent. In FEq. 13 Gy = Cpui CovYrv -1 C Y and appears
because of nondinmensionaliz ation.

Becausce of temperature continuity at the drop surface, 07 = ¢ -
J y Y

gs?

the solution for 0,(2) is obtained

as in Bellan and Harstad (1987b). The solution of Egs. 6-13 novide the initial conditions for the

external cluster flame equations.
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2.2 Conservation equations for the external clust er flame

The external cluster flamne equations arc adapted from Bellan and Harstad (1990) with
MI" = 4’”]1)'31/)9(1(}/1”,\/,(1 + yI",S,a)“vc (]4)

where w,e = dliy /dl - ug. is.the relative velocity of the gas with respect to the cluster boundary.
Uge, the gas radial velocity at the cluster boundary, is caleulated assuming that the relative radial
motion for an internal drop is self-similar as in Harstad and Bellan (1989), except. that here there
are no clectrostatic effects; the drop momentwn is changed by forces resulting for drop cvaporation,

drop drag and cluster drag as an entity. The total mass release rate from the cluster is
- ' ~
M - Nirigges = An ]‘)(1/)gau7'c (15)
and the cluster behaves as a mass source for the flarne.

2.2.1 solution for Ry <7 < ]N{'f

*J *he quasi-steady conservation convection-diffusion equations with variable p, 1) have similarity so-

Iutions
oo . = v o dy
D)= A CooxplClp 0y [ Y (16)
Ve Y pg 1)
whaere stands for g, Yy, or Yeg, 5= 7/R0, gy = f(d/lio and
. M
Cz.-- - - '
4 RO(pg 1)) (17)

Constants cr and care calculated from boundary conditions at Hy and Ry assuming that the fucl

is entirely consumed at the flame:

Cro = [Oga exp(B3) — Og]/[exp(B) - 1], Cop = (0 - 00)/[exp(B) - 1] (18)
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Cri = ~[Yiua oxp(B)]/[1 - exp(J3)], Coy = Yiia/[1 - exp(3)] (19)

- v dy
B= Oy [ (20)
( I ) 501 2/)g])
where gy = Rf/]io, and i =V ori= G,
2.2.2  Solution for It} <7 < It%,
The guasi-steady convection-diffusion equations with variable pgl) have similarity solutions
- oo [ di
1(@) = Dy + Do oxp[Clp, D) / ey (21)
) y Y2pel?

where 1" stands for 0,0r Y,,. Constants 1) and Dy arc calculated from boundary conditions at. 12,

and the cffective distance from the cluster center to the surroundings, 155 ;.

19 = [0gec exp(G) = 0] /[exp(G) - 11, Dog= (05 == 05°)/[exp(G) - 1] (22)
Do, = - [YO‘Z0 exp(G)]/11 - exp(G)], Deo, = Y7 /[1 - exp(G)] (23)
A w Vs dj 2

G Clp,D) /u D (24)

and ¥y, = Rf; /1. Yers is calculated from the equality of the time-integrated fuel mass released

from the cluster prior to ignition, to the ficld-integral of the fuel mass in the cluster surroundings

al ignition

tign . ViV SRR .
/0 g M = 4a (R0)3/~ I ;)-;( Py Y}ll’,‘vj }l(b,‘g)yQ(ly. (25)
v

el

The fucl mmass in the cluster surroundings is given by the quasi-steady solution just. before ignition

YE@) - - 2P o) 4 exnl (“oo/ P2p,D) .

@)= 50 cxp(K){ )+ e{Cln, D) va Yopg D) )
- . (¥ dy

= Clp, D)™ O o

K= Clog 1) /?JCI Y2 pe D “
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for i = V oori= S under the assuption that Y 357,) = 0. It is assumed that Yofs Temains
constant. after ignition since the dense clusters studied here tend to ignite rather late in their

IHetime.

2.2.3  cCalculation of flame mass consumption rate, §; and z;.

Mass consumption rate 'I'he fucl consumption rate at the flamne surface is

) . d rv
M.= My - 471'(]{0)32][ ﬁ f:t“jgﬂg(yp',v 4+ Yig)dy (28)

Yet

which is not. constrained to equal M, as it is in the classical isolated drop theory, both because No
escapes the cluster together with fuel and because the flame position may change. In terins of a

nondimensional time 7 and a nondimensional density pg, Fq. 28 becomes
- ~ d Vs
~9 ~
Ce = CVI«‘ - ‘d7’/~ Y pg(}/}n’v - Y]."S)dy. (29)
: Yet

¥Flame position, Ity The condition that the fluxes of fuel and Oz must be in stoichiometric

proportion at the flamne surface yields an integral equation for g

Sxp(- 1) 1 Vi@ 1 Vit )
exp(- G)y- 1 S

under the assumption that Yp,, Yy, Y ¢ are null at the flamne surface.

Flame temperature, §; The continuity of heat fluxes through the flame is

: o dT; : : o dl,
MCy,Ty - AmI2A,- d; i+ Melle = MGy - 4ﬂ1f§Ag~d; 7 (31)




where H, = HevYry + HesYr s ¥quation 31 is nondimensionalized and solved for 0 by using Iiq.
30 and the solutions for 8, onbothsides of the flamne. This yields
Y8 0o 3 U/ 1) 4 05 Visv ¥y 4 YinsPys)

0; - S (32)

7 ’ N u &'
}8;) ‘* }}<‘Y]]vq)s’v '* }/]."S(])S’S

3 Method of Solution

The initial conditions specify @% 10 9; Y 70, which is assumed to be the same as the
surrounding-cluster gas temperature; the interstitial initial composition of the cluster gas which
is assumed to be identical to that of the gas swrrounding the cluster; the initial uniform drop tem-
perature, 7‘80; f{gl; Fign; Aign;p = 1 atm; and the thermophysical and thermochemical properties of
the fucls. Fig,and Ajy,, used in the Dainkohler number critcrién for ignition arc assuined identical
for solvent and solutc.

Fvaporation and drop motion is calculated following Harstad and Bellan (1991) and at cach
time step the Damnkdhler number criterion for ignition is checked according to the model of Bellan
and Harstad (in print). If ignition occurs, the conservation equations for the internal cluster flash
flame arc solved to yicld the initial values for the external cluster flame and §g7,. Calculations then
proceed as follows: At cach tiine step Ja, 0ga, Yiva, Yisae, I3 and G are caleulated using the model
of Harstad and Bellan (1991) [the boundary conditions at. the cluster surface are described in Bellan
and Harstad (1988) in the formulation called ‘strong turbulence’ (model 2)]. Equations 29, 30 and
32 arc then used to caleulate 04, 7, and C., and duc to strong nonlincaritics the solution is iterated

to convergence. Inherent in the utilization of the turbulent transfer model at the cluster surface

is the assumption that the turbulent boundary layer thickness around the cluster is much sinaller
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than the distance from the cluster surface to the {lai ne.

The caleulation stops when the drop radius is 5% of the initial radius.

4 Discussion of Results

4.] General behavior

One conclusion from previous results for single-component. clusters of drops [Bellan and Harstad
(1990)] is that cluster flaines exist only in a restricted range of air/fucl mass ratios, @’s. If & is
Very small, the cluster Inay be so dense that the drops extract {too much heat from the gas during
cvaporation, before heat transfer from the cluster surroundings may replenish it, and thus the
temperature becomes too low to initiate ignition. Yor these clusters, evaporation proceeds without
ignition until the drops disappcar. Ignition might occur later inthe gas phase, but this situation is
outside the focus of thisstudy. If ¢ is very large at ignition, the gascous mixture inside the cluster
i s fucl-lean and internal cluster combustion (13cllan and Harstad, 1990) depletes all gascous fucl
inside the cluster. With no gascous fuel left to escape the cluster, the external cluster flame cannot
become established. 'T'hese two situations reprresent the lower and upper lis ni ts for the existence
of cluster flamnes. Thus, cluster flames exist for clusters which arc not too dense (so that cluster
ignition may occur) and for which the gaseous mixture is fucl-rich a, ignition.

Dhuring evaporation, the composition of the gas inside the cluster is determined by the evapora-
tion of the two fuels and by the transport of fucl across the moving cluster boundary. Heat transfer
from the cluster smrroundings raises the cluster gas temnperature thus inducing cluster expansion

and engulfi ng the surrounding cluster gas; drop heating decreasesthe cluster gas temperature thus
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inducing cluster contraction . The competition between these two processes determines the motion
of the cluster boundary, the cluster gas composition and its temperature.

Solvent and solute evaporate from the drop at rates determined by the internal drop and drop-
surface processes as explained elsewhere (Harstad and Bellau, 1991). These processes depend upon
the relative velocity between drops and gas which is the solution of the momentum cequations. 1f
the relative velocity at the drop surface, ug, is negligible so that there is no shear and therefore no
induced circulatory motion inside the drop, the solute evaporates at the sate rate as the solvent;
this has been called ‘surface layer stripping’ (Harstad and Bellan, 199 ). In Contrast, if the relative
velocity at the drop surface is strong cnough to induce cirenlation nside the drop, liquid mass
diffusion becomes an iinportant. process and preferentially enhances evaporation of the solute; this
causes the solute mass fraction to decrease inside the drop. The relative iimportance of liquid mass
diffusion and surface layer stripping is quantified by a munber Be= - [1R/(1),,u) ]9°d12/dt (Harstad
and 13cllan, 1991 ) where y; is the liquid circulatory velocity inside the drop. If Be << 1, liquid mass
diffusion controls solute cvaporation whereas if Be >> 1, swrface layer stripping controls solute

evaporation. As shown in Harstad and Bellan (1991), v, is a function of ug.

4.2 1 ’arametric study

The situations studied arc allidentified n ‘T'able 1 anc the symbols correspond to those in the
figures. The cluster gas is initially at rcst butas the drops I110VC, they entrain the gas which
cventually acquires a velocity of its own. In al caleulations 75, 1300 K, p = L atun, 7%, = 350 K,
RO =2 x 10-3 e, 1% = 3 emana Yy, = YPg.: 0.

Figures 1 and 2 display the fractions of solvent and of solute burned in the internal flash flame
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and Fig. 3 displays their ratio, frasn,v/ fiase,s. The fractions are increasing functions of ©° because
although for larger @%’s ignition occurs carlier in the drop lifetime, there is more O, inside {,lblo cluster
and thus more of the fucl can burn. fraenv/ fiasn s 18 always smaller than Y‘(}’,/(] - Y"Z,) despite
the initially larger relative velocity at the drop surface which preferentially evaporates the solute
(this is the Be < 1 regime). This is explained by the eventual relaxation of ug (due to drag effects)
well before ignition. The Be < 1 regime during which Yy .has decreased is then followed by the
e > 1 regime. Then the preferential evaporation of the solute cecases and the solute evaporates
at the rate of the solvent, that is at the frozen rate of the mass fraction when I3e becaine >» 1.
This physical picturc is the result of examining 3¢ and the fractional evaporation rate of the solute,
thy /1, versus the residual drop radius, 1. Additionally, this is confirmed by results showing
that fiash,v/ [ftash,s is a decreasing function of uf . This ratio increases with {2, has a negligible
dependence upon the solvent identity and is independent upon the solute identity. The fact that
this ratio is always smaller than ¥9,/(1 - ¥{%)) indicates that eventually there is a steady-state
situation that establishes where the amount of fuel escaping through the cluster boundary balances
that evaporating from the drops. Theratio of the fractions appears to be constant, with @0,
Depicted in Figs. 4 and b are plots of the respective ratios (all at 125 = 0.05) of the burned
fraction during external cluster comnbustion to the fraction that escaped the cluster for solvent,
Ju,5/ Jioss,s, and for solute, Jo,v/ fioss,y- *1 hese plots show two types of behavior. Strong flames that
are cst ablished further away from the cluster surface ate encountered for smaller @%s and for larger
1% ‘s; }ig.6 displays the nondimensional distance fromn the flaine to the cluster at J3; = 0.05, and
Snows that, this distance is inscusitive to J¢; and depends only upon the initial conditions. In strong
flames, only a small fraction of the fucl released from the cluster is burned by the time the drops

disappear. For large u9 ‘s, the small evaporation rate at the end of the drop lifetime can no longer
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sustain the strong flame and instead of burning, extinction ocours.  Mathematically, extinction is
identified when the integrated consumption rate! at the flame decreases instead of increasing with
time. Thismecans that a quasi-steady flame canno longer be maintained although it is possible that
an unsteady flamne could still exist under these conditions. Weak flamnes are established very close
to the cluster surface and they occur mainly for large s and smallu, s, “1'Liese flarnes behave
asymplotically like classical quasi-steady diflusion flames where the fuel emitted by the cluster is
almost. entirely burned in the flame ( fy,5/ fioss s and Jo v/ fioss,v arc ncarly 1 ). For intermediary
va] ucs of uY, the classical behavior of the diffusion flame is never reached, indicating the iimportance
of convective effects. Generally fov [ fioss,v > Jv.5/ fioss.5, with the equality occurring only for weak
diffusion flames because preferential evaporation of the solute is then unimportant. FKxamination
of Jioss,v/ fioss,s shows that it is only a very slightly increasing function of @ and depends mainly
11])011 Y, and w%. This ratio depends only slightly upon solvent identity and dots not. depend upon
solute identity. A similar comment applies to fj, v/ fu.s , except that instead of it being a slight] y
increasing function of ®0 it is a slightly decreasing function of . Thus, although proportionally
less solute is released from the cluster for small @0, proportionally a larger fraction of solute is
burned. Thesituation WI 1ere extinetion is obtairied represents an excepition, as both ratios arc
increasing functions of ¢,

For diffusion-dominated combustion, the fraction of fuel burned during external cluster com-
bustion is an increasing function of ®° (scc ¥ig. 7) because ignition occurs carlier during the drop
lifetime. As convective eflects become important, the! flame is relatively stronger in the small @°
reghne than in the purely diffusion regime as evidenced by the slope of thel nondimensional flaine
distance to the cluster surface; as a result, it, burns a larger fraction of fuel. ‘1 'hus, forintennediary

convective combustion, the fuel fraction burned during combustion is a nonmonotonic function of
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q»O] and convex. When convection dominates, the flamme is considerably stronger for small $9°s and
accordingly an increasing fuel fraction is burned. The total fraction of fucl burned (flash flaine and
external combustion) is an increasing function of 9 (sce Fig.8) since the later ignition for small
305 also corresponds to situations where there is less 0,inside the cluster and thus less fuel may
be consuned by the flash flamnc.

Changing the ignition kinetics translates and enlarges or shrinks the collective flame regime on

the ¢ axis but does not change qualitatively the results.

5 Summary and Conclusions

A model of binary-fucl drop-cluster combustion with external flame has been formmlated  This
regime is not encountered for clusters that arce dense enough to ignite after the drops are otally
cvap mated, or for clusters that arc so dilute as to have a lcan gas phase at ignition. 1'he external
cluster flamne range of air/fuel mass ratios corresponds to the dense and moderately dense cluster
TCgIeS.

Results show that even in the dense and moderately dense regimes (as distinet from the very
dense cluster regime), drop interactions arce important in modifying the fraction of fuel vinna,
For small initial cluster velocities and for large air/fucl mass ratios, external cluster flar nes tend
to behave asymptotically as classical diffusion flames in that rate of combustion is asymptoticall y
cqual tothat Of fuel released frown the cluster. Yor sinall air/fuel massratios, the classical diflusion
flame behavior is never encountered, independently of the initial cluster velocity, and the fraction
of fucl bill’llI(!d is always considerably smaller than the fraction Of fucl released from the cluster.

For convective-dominated evaporation or for diffusive-convective evaporation, the classical diffusion
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flaine behavior is not encountered either.  These results are indeprendent. of fuel composition or
the initial mass fraction of solute within the fuel under the assumptions of much larger volatility
and smaller initial mass fraction of the solute with respect to the solvent. ‘1'11(2(! resultsare aso
independent of the ignition Arrhenius parameters providing that they are the samne for solvent and
solute.
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solvent.  solute ul,em/s Y9, Fig., keal/mole

{ mn-decanc n-hexane 20 0.2 30
u n-decanc n-hexane 80 0.2 30
v n-decane n-hexane 200 0.2 30
O No.2GT n-hexane 20 0.2 30
D NO.2GT n-decane 20 0.2 30
AN NO.2GT  n-decar1(! 20 0.3 30
(O n-decanc n-hexane 20 0.2 28.5

Table 1: Initial conditions for the parametric study
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NOMENCLATURE

a radius of the sphere of influence
A preexponential constant in the Arrhenius law

I3 defined by Fa. 2(1

C -m/[dn(py D)1

C defined by Iq.17

Co - MJ[4n(p, D)= R

Cr =M/ [dn(pyD)> 10

Ci constants of  integration

¢,  specific heat at constant pressure

Dt gas diffusivity

Di constants of integration

D, liguid mass diflusivity

J¢ activation energy in the Arrhenius law

[ fucl fraction measured with respect to the initial mass
G defined by Iiq. 24

11 enthalpy

H nondimensional enthalpy

1, latent heat,

m  drop evaporation rate

M  total net flux of mass released by the cluster
M nondimensional mass

M. fucl mass consumption rate at the flaine surface:
M. fucl mass rate rclcased from cluster

N number of drops

iz pressure

7 vadi a coordinate originating at the drop center
7 radial coordinate originating at the cluster center

It drop radius

It radial dimensions associated with 7
Ry R/RC

]1)2 (L/R,O
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It, universal gas constant.

time

temperature

u  velocity

V' cluster volume

w; molecular weight of species i

g 7R
Y; mass fraction of speciesi
z  r/R

7 defined by Fq. 11

Subscriptts

a at, the edge of the sphere of influence; interstitial val ue
ag ambient, gas

awr  refers toair

b burned in the external flame

bn mormal boiling point

I3 burned in the internal flash {flame

c consumption

c  cluster

f flame

flash refers to the internal flash flame

I’ fuel

g gas

ge gas radial motion at the cluster edge
gn ignition

[ liquid

loss  released by the cluster
outer refers to the external flar ne

re radial componcut at, cluster edge

S at, surface

sl slip

S solvent

Lol total (flash and outer)

% volatile (solute)
Superscripts

*  values after internal flash burning
0 initial conditions

at the irmer edge of the flaine surface
-} at the outer edge of theflame Sill’ face
bi before ignition
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Greek symbols

e cvaporation accomodation cocflicient, taken to be uni ty
Y Y

A(’p Cpl - Ypg

0 Chg?'/ L,

A therial conductivity

p density

P Pyl Py

7 10 /(10)?

¢ air/fucl mass ratio

P, stoichy iometric air/fuel mass ratio

(]>; stoichlometric oxygen/flicl massratio
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FIGURE CAPTIONS

Figure 1Solvent flash-flame burned fraction versus air/fuel mass ratio at aresidual drop radius
of 5%.Symbols arc defined in ‘1'able 1.

Figure 2 Solute flash -flame burned fraction versus air/fucl mass ratio at a residunal drop radius
of 5%. Symbols arc defined in ‘1'able 1.

Figure 3 Ratio of the flash-flaine burned fractions versus air/fucl mass ratio at a residual drop
radius of 5%. Symbols arc defined in ‘1 ‘able 1.

I'igure 4 Ratio of solvent burned fraction in the external cluster flame! toreleased solvent fraction
from the cluster versus air/fucl mass ratio at a residual drop radius of sw. Symnbols arc defined in
Table 1.

Figure b Ratio of solute burned fraction inthe external cluster flame to released solute fraction
from the cluster versus air/fuel mass ratio at a residual drop radius of 5%.Symbols arc defined in
‘Jable 1.

Figure 6 Nondimensional stand-off’ distance of the external flame versus air/fucl mass ratio at a
residual drop radius of 5%. Symbols arc defined in ‘J ‘able 1.

Iigure 7 Fraction of fucl burned during external combustion versus air/fucl mass ratio at a
residual drop radius of 5%.Symbolsarc definedin ‘1 ‘able 1.

Figure 8 Total fuel fraction burned (flash and external ) versus air/fucl inass ratio at a residual
drop radius of 5%. Symbols are defined in Table 1.
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